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Abstract
Rotliegend siliciclastic formations are important reservoirs in central Europe. These sediments consist of pristine red coloured
and bleached, high porous and permeable sandstones. To evaluate the relevance of distinct fluids and their fluid-rock alteration 
reactions on such bleaching processes laboratory static batch experiments under reservoir conditions were conducted. Thereby 
mineralogical, petrophysical and (hydro-, geo-) chemical rock features were investigated by different analytical methods before
and after the experiments. The achieved results suggest that during such fluid-rock interactions a complex interplay between 
mineral detachment and mineral dissolution processes will control the porosity and permeability of reservoir sandstones.
© 2014 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Austrian Academy of Sciences.
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1. Introduction
A crucial point in any considerations of CO2 underground storage scenarios is the behaviour of mineral phases at 
depths in a highly saline aqueous environment exposed to injected CO2 and the impact of thereby induced fluid-rock 
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reactions on reservoir quality. In this context numerous laboratory experiments and numerical simulations are 
conducted regarding such processes in sediments of most variable mineralogical composition. In this contribution we 
studied mineralogically and petrophysically distinct sandstones from well sites in the Altmark area of central 
Germany (Fig. 1). The Altmark comprises the 2nd largest European natural gas field with almost depleted reservoirs 
at depths of about 3.000-3.500 m. Their sandstones were deposited on a playa-like continental platform with braided 
river systems, ephemeral lakes and aeolian dunes under semi-arid conditions [1]. Some of the pristine, red coloured 
deposits suffered intensive late diagenetic alteration and are now preserved as bleached, high porous and permeable 
sandstones. We performed laboratory batch experiments on these different types of reservoir sandstones at reservoir 
conditions (T = 120°C, p = 20 MPa) in the presence of CO2-bearing synthetic brine composition for a running time 
of about 4-6 weeks.
Fig. 1: Location map of natural gas reservoirs in the northern part of central Europe (modified after [2]).
1.1. Methods
To substantiate any mineralogical, geo-/hydrochemical and petrophysical variations in rock (plug) composition, 
which are potentially induced by the laboratory batch experiments (Fig. 2), numerous analytical methods were 
applied before and after the runs,
x to characterize textural and compositional features of mineral phases: (sub-) microscopic investigations by
polarized-light and Scanning Electron Microscopy (SEM) and Electron Micro Probe Analysis (EMPA);
x to maintain geo- and hydrochemical data: Inductively Coupled Plasma - Mass / Optical Emission Spectrometry 
(ICP-MS/OES);
x to determine the specific surface reactivity of minerals: Nitrogen gas ad-/desorption measurements (BET) after 
Brunauer et al. [3];
x to model e.g. pore space connectivity, fluid flow velocities, and fluid flow directions: X-ray microtomography 
(μ-CT);
x to analyse petrophysical behaviour (e.g. porosity, permeability): Special Core Analyses (SCAL).
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Fig. 2: Experimental equipment (autoclave) at the Institute of Petroleum Engineering of the Clausthal University of Technology, used 
in the laboratory runs to evaluate any rock alteration induced by CO2-bearing brines at reservoir conditions (T = 120°C, p = 20 MPa).
2. Results and conclusions
2.1. Rock composition
In polarized light microscopy the most distinct reservoir sandstone types are characterized by grain rimming iron 
bearing clay coatings and pore-filling anhydrite and calcite cements. In higher porous sandstones these coatings and 
cements are almost lacking (Fig. 3). The iron bearing clay coatings and the blocky cement (anhydrite, carbonate) 
types are mainly formed on damp-wet sandflats, whereas the samples lacking these mineral are commonly of fluvial 
and aeolian origin.
Fig. 3: Light microscopic photographs of (A) grain rimming Fe-bearing clay coatings (brownish rims), (B) pore filling anhydrite-/calcite cements.
By blue colours the pore space is shown.
These findings of the different modes and contents of diagenetically formed mineral phases in the sandstones (cf.
Fig. 3) suggest that these features are facies-related. Thereby, sediments formed in an Aeolian environment are 
marked by higher porosity and permeability, whereas samples generated under aquatic conditions exhibit lower 
porosity and permeability (Fig. 4). Such differences in poro-perm properties are also related to rock colors; pristine 
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red colored sandstones reveal low porosity and permeability whereas in diagenetically bleached samples porosity 
increased up to five times and permeability up to hundred times.
Porosity and permeability is also controlled by very fine clay minerals like illite or chlorite (Fig. 5). These
coating forming clay minerals are pore space exposed and will influence the velocity and directions of fluid flow.
Moreover, by their specific shape and high specific surface areas these clay minerals will strongly affect the 
reactivity of the rocks (cf. Fig. 6).
Fig. 4: Porosity - Permeability variations of bleached (black rectangles) and red (red dots) sandstones and their relation to different facies types
[6].
Similar relationships between porosity and permeability with the chemical composition of the rocks are almost 
lacking, only a decrease in poro-perm by increasing Ca- and S- content was observed. This implies that porosity and 
permeability in the Altmark sandstones is mainly controlled by the abundance of blocky, pore-filling calcite and 
anhydrite cements [6].
Fig. 5: SEM images of the most common pore exposed clay minerals. Left and center images show illite fibers, occurring as grain coatings and 
expanding into the open pore space. Right image shows fan-shaped chlorite intercalated with fine illite fibers in an open pore.
2.2. Experimental outcomes
Plugs and brines used in the laboratory CO2 batch experiments under reservoir conditions (~ 120°C, 20 MPa) 
were analyzed by petrophysical and chemical means before and after the runs. After the experiments an 
enhancement in rock porosity and permeability is established. This increase is accompanied by a depletion of Ca-
and S- contents in the rock samples, but an increase in the brines, indicating that the porosity-permeability
enhancement is mainly due to calcite and anhydrite dissolution in the plugs. This suggestion is substantiate by SEM 
investigations on thin section before and after the CO2 experiments. In these thin sections, the pore space formerly 
filled by smooth, homogenous calcite, display features of strong calcite dissolution or even the total lack of this 
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carbonate after the runs (Fig. 7). The same observation was made concerning the behaviour of pore filling anhydrite 
cements. Thus, different analytical methods clearly demonstrate calcite and anhydrite dissolution induced during
CO2 batch experiments. A further outcome of these SEM investigations was that due to the dissolution of pore 
filling cements clay coatings are now exposed to the open pore space and therefore to migrating fluids. Due to this 
pore exposure of the coatings, the reactivity of the rocks (expressed as specific mineral surface area in Fig. 6b) is 
increased after the experiments. The presence of clay fines in the brines after the runs (Fig. 8), suggests that some of 
these formerly sheltered clay minerals got detached from the grains during these experiments. These observations 
were made on evaporated brine samples, in which the clay minerals were encrusted by calcite. This calcite 
precipitation is most likely caused by the pressure release at the end of the runs and the increase of Ca-/CO22-
concentration during drying. 
The presence of these clays implies that besides chemical mineral dissolution, also physical detachment of clay 
fines was induced during the laboratory runs. The behavior of such fines is most important, especially in regarding 
rock permeability and reservoir quality due to their fluid pathway blocking behaviour of narrow pore throats and 
there high specific surface areas.
Fig. 6a (left): Calcium (Ca) content and permeability in plug samples before (black rectangles) and after (grey rectangles) CO2 batch experiments 
at reservoir conditions (~ 120°C, 20 MPa) [6]. The samples after the experiments show a marked decrease in Ca content and an increase in 
permeability and porosity (cf. Fig. 6b). Fig. 6b (right): Porosity and BET analyses determined specific mineral surface areas before (black 
rectangles) and after (red rectangles) the batch experiments.
Fig. 7: Dissolution of calcite induced during by CO2 experiments on reservoir sandstones under reservoir conditions. In the left SEM image a 
pore filling, blocky calcite is shown, which is totally dissolved after the lab runs (right side).
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Fig. 8: SEM images of intercalated illite and chlorite minerals encrusted by calcite in evaporated brine samples after the CO2 batch experiments.
An increase in rock porosity and permeability after the batch experiments was also observed by micro-computer 
tomography (μ-CT). Data processing by AVIZO™, Geodict™ and Flowdict™ was performed to determine rock 
porosity and permeability and to simulate their effects on e.g. fluid flow in the sandstones. The models confirm 
some variations in fluid flow directions and an increase in fluid flow velocity in the experimentally altered rocks.
These features are most important for any underground storage scenarios, because such fluid movements strongly 
control the conditions for mineral dissolution (e.g. equilibrium vs. disequilibrium conditions) and detachment 
processes.
Fig. 9: AVIZO™ and Flowdict™ visualized pore space of a μ-CT scanned sandstone sample with an edge length of 1 cm. Shown are the fluid 
pathways (coloured lines) and fluid flow velocities (blue = low, red = high velocity), which are linked to different rates of pore space cementation 
and grain sizes. Given sample orientation is perpendicular to sandstone bedding.
3. Summary
During batch experiments mineral chemical dissolution and physical detachment of clay fines occurred and are 
proven down to (sub-) microscopic scales by several analytical methods. Thereby pore filling carbonate and 
anhydrite cements were dissolved and clay fines (illite, chlorite) were released from the grains. Due to carbonate and 
anhydrite cement dissolution clay coatings, rimming the grains, were exposed to the fluid filled pore space. These 
reactions resulted in a concordant increase of e.g. specific mineral surfaces, porosity and permeability and fluid flow
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velocities. Any variations in such features are most important for the type and rate of fluid-mineral/rock reactions at 
depths and strongly control the reservoir quality of potential underground reservoirs.
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